Abstract-As wearables provide new health-related functionalities, they can be employed in hospitals to monitor patients and notify the medical personnel regarding their status. However, in order to be approved by the medical community, wearables need to have reliable communication and high lifetime. In such scenarios, it is important to know the probability of correct notification which is affected mainly by the deployment of the wireless wearables and their energy supply. Typically, rooms in hospitals host multiple people and, thus, a clustered communication model should be adopted for more trustworthy results. Moreover, by employing wireless charging, it is possible to provide an uninterrupted operation with high reliability. Therefore, in this paper, we study the aforementioned probability in a clustered network while the wearable devices are wirelessly charged. We provide an analytical model for the wearables' ability to inform quickly the medical personnel and discuss different trade-offs via extensive simulations.
I. INTRODUCTION
Lately, wearable sensors have emerged as a comfortable and affordable way to monitor vital signs and activities in a nonintrusive way [1] . Many applications in fitness and wellness motivate people to improve their health and log their daily performance by tracking their activities, exercise and sleep. Even though commercial wearables were mainly employed for such welfare applications, they are nowadays starting to undertake more critical tasks for health monitoring, such as measuring blood pressure, oxygen saturation, blood glucose level and fatigue level, periodically and without any human intervention. These current advances in wearable sensors technology enable their use in medical environments, providing an unobtrusive, scalable and relatively low-cost way to monitor patients in hospitals or elders in nursing homes and notify instantly the medical personnel in urgent situations.
However, although the sensing abilities of wearables become better, there are some challenges that must be overcome to ensure the suitability of wearables in the context of medical care [2] : i) transmission problems, ii) low battery life, iii) ergonomics, and iv) non-intuitive software. Although the ergonomics and software issues are a subjective matter of product design, successful message delivery and high lifetime are fundamental requirements for the correct communication between the wearables and the medical personnel. Thus, there is a need to guarantee that all wearables will be able to: i) deliver reliably their messages to a final destination and ii) provide uninterrupted and stable services without intermissions for battery recovery. Regarding the first issue, the communication of wearables should be carefully studied taking into account the node deployment, the interference and the channel randomness. For instance, in a typical hospital scenario, each room is hosting multiple patients. From a communication perspective, the transmitters of the wearables are forming small clusters that should be considered in the calculation of the received interference from the other clusters and, thus, the wearables' ability to communicate correctly.
As far as the second issue is concerned, it is imperative to guarantee that the energy requirements of the wireless wearables will not impose any limitations to their operation. To avoid the inconvenient and time consuming battery replacing or cable charging, a new method has been proposed lately that exploits the energy of radio frequency (RF) transmissions to increase the lifetime of devices [3] , [4] . This method, called Wireless Energy Harvesting (WEH), can be an effective solution as RF signals are nowadays in abundance. With WEH, the RF signals are converted to direct current (DC) electricity using rectifying antennas and, if the amount of received energy at a temporary storage unit, e.g., a capacitor, is at the same level as the consumed energy, it is even possible to achieve a self-sustainable operation.
Despite the fact that harvesting the energy by the surrounding RF transmissions can increase the lifetime in wireless devices [5] , it is not able to provide enough power to counterbalance the consumed energy in realistic scenarios. This is mainly due to the path loss between the transmitters and the receiver and the losses from the RF-to-DC conversion. However, with the use of dedicated power transmitters or power beacons (PB) distributed in the hospital, it is possible to solve the aforementioned problem and provide the wearable devices with sufficient energy to sense, process and transmit. To ensure that the devices will always have enough energy to operate, they employ the harvest-then-transmit protocol with which the wearables harvest energy for a certain period of time and then consume all of it for measurement and communication [6] .
Several works study the communication metrics of wireless wearables in hospitals without considering the clustered deployment nor wireless charging. In [7] , there is an interesting study on the suitability of using WSN with random access for patient monitoring and the authors derive the probability of collision in wireless devices, that monitor the status of patients. Furthermore, in [8] , the authors study the probability of detection in the signals of a wireless body area network while decreasing with their method the power consumption leading to higher lifetime for the wearables. However, both in [7] and [8] , the proposed models do not take into account the clustered distribution of patients, that is encountered in realistic hospital environments. There are some works that study the probability of correct reception in clustered wireless sensor networks though. In [9] and [10] , the authors study the coverage probability and the interference distribution in a clustered wireless ad-hoc network. Nevertheless, the focus of these seminal works is given in the communication modeling, whereas energy supply issues are not taken into account.
Therefore, there are no works in the literature on clustered networks with WEH in the wireless devices, which is an interesting combination given the realistic modeling and the convenience of WEH in health applications. In our work, we attempt to cover this area by studying the communication performance of wearables in a hospital environment, where the patients are distributed according a Poisson cluster process. Each wearable transmits its messages to the cluster center, where a gateway is located that notifies the nearest medical personnel. Moreover, the wearables are able to harvest energy from PB transmissions to charge their batteries. Our contribution is twofold: i) we derive the probability of correct notification for a clustered network with WEH-enabled wearables, and ii) we provide a performance evaluation of the network and insights for the network performance. We believe that our results can act as a guide for the network design and the choice of the appropriate network parameters, according to the needs of each hospital.
The remaining part of this paper is organized as follows.
Fig. 2: Network operation
The system model is described in Section II. The mathematical analysis is presented in Section III and the numerical results in Section IV. Finally, Section V concludes the paper.
II. SYSTEM MODEL
We consider a wireless network of wearables on the Euclidean plane and model their random locations according to a Poisson cluster process. The parent point process represents the clusterheads (gateways) of each cluster and it is modeled by a homogeneous PPP Φ g = {g 1 , g 2 , . . . } with intensity λ g , where g i , ∀i ∈ N, denotes the location (i.e., Cartesian coordinates) of the i th clusterhead. Each parent point is surrounded by m offspring points, which represent the wearables, distributed around each clusterhead according to a symmetric normal distribution with variance σ 2 and a density function
On the same plane, we deploy the PBs and the medical personnel according to two homogeneous PPPs
. . } with intensity λ b , where y j , ∀j ∈ N, denotes the location of the j th PB and with intensity λ m , where z k , ∀k ∈ N, denotes the location of the k th medical assistant or physician. In Fig. 1 , we depict a random deployment of the described topology.
Time is divided into two periods: i) the harvesting period (HP) that consists of S time slots, in which all wearables accumulatively harvest RF energy from the PBs with RF-to-DC conversion efficiency , as shown in Fig. 2a , and ii) the communication period (CP) which has a duration of 2 slots. In the first slot of the CP, depicted in Fig. 2b , the wearables with sufficient harvested energy (active) transmit their messages to the gateway of their cluster and then, in the second CP slot, the gateways deliver the received message to the nearest medical personnel, as shown in Fig. 2c . Moreover, we assume that all PBs transmit with power P b and are connected to the electricity grid, thus having a reliable power supply. A wearable is considered active during the CP if, at the end of the HP, it has received and stored temporarily, e.g., at a capacitor, an amount of at least θ Joules from the PBs that enables them to transmit a message with power P tx . We assume that θ = P tx t s + δ, where δ is the energy margin for other wearable operations, e.g., sensing and processing, and t s is the duration of the wearable transmission in seconds. Hence, at the end of the transmission, the stored energy of active nodes is depleted, as the θ threshold guarantees enough energy for only one transmission. Furthermore, we consider that nodes cannot store energy at the end of the CP and, thus, all nodes enter the HP with zero energy.
In our analysis, we examine the ability of a wearable to connect to the gateway of its cluster, based on the received power denoted as P rx = P tx hr −α , where r is the distance between the gateway and its transmitter, α is the path loss exponent and h is the fast fading power coefficient, which is independent and identically distributed (i.i.d.). For this reason, the amplitude fading √ h is Rayleigh distributed with a scale parameter σ = 1, thus h is exponentially distributed with mean value μ = 1. Each gateway experiences interference from the remaining wearables of the cluster, as well as from the other clusters. Therefore, a wearable is considered connected with its gateway (i.e., is able to deliver a message), when the received signal to interference ratio (SIR) is higher than a threshold γ, as it is given in
where r is the Euclidean distance between the two nodes, I intra denotes the interference from the remaining wearables of the cluster and I inter denotes the interference received from the clusters.
III. PROBABILITY OF CORRECT NOTIFICATION
In this section, we present the analytical derivations of the probability of correct notification C n , which is the probability that a wearable will manage to deliver successfully a message to the gateway and, then, the gateway will deliver this message to the nearest medical personnel available.
To begin with, in order to achieve a correct notification, there are three prerequisites that should be satisfied: i) the wearable should have collected enough energy during the HP to surpass the energy threshold θ, ii) the gateway should decode successfully the transmitted message from the wearable, and iii) the gateway should successfully deliver the wearable's message to the nearest medical personnel device. In the following, we will provide each prerequisite and, then, we will combine them into the probability C n .
In the following lemma, we describe the probability p a that the wearable has enough energy to transmit at the beginning of the CP. Lemma 1. The probability that a wearable is active at the beginning of the CP for α = 4 is given by
where erf(x) = Proof. To derive the probability p a , we have to consider the accumulated received power from the set of the PBs for all time slots S and calculate the probability that this amount is higher than the threshold θ. Hence, we obtain
where the sum in (4) is the total harvested power from PBs at a node located in the origin and |y j | denotes the Euclidean distance between the jth PB and the origin. To calculate (5), we have first to focus on the distribution of the sum Y= |y| −α and derive the Laplace transform L(s) = E(e −sY ), while noticing that S i=1 h i follows Erlang distribution with shape S and rate 1, as mentioned in [12] .
Thus, for a random variable h ∼ Erlang(S, 1) holds that E(h m ) = Γ(S + m)/Γ(S).
According to [11] , by taking the expectation over both the point process and the fading, we obtain
It can be noticed that (6) has a stable distribution with shift 0, skew 1 and stability 2 α . Therefore, for the special case of α = 4 (realistic for indoor environments), it reduces to a Lévy distribution, yielding
which concludes the proof.
Then, we provide the probability p c that a gateway has successfully received a message from a wearable in its cluster.
Lemma 2. The probability that a wearable has successfully delivered a message to the gateway is given by
where
s) is the interference from the other wearables of the cluster, L inter (s) is the tight bound of the interference from the wearables of other clusters and f
2σ 2 is the probability density function (PDF) of the distance between the wearable and the gateway.
Proof. To calculate this probability, we need first to define the distribution of the distances in a cluster both for the intracluster case, i.e., the distance between the wearables and the gateway, and the inter-cluster case, i.e., the distance between the gateway and the other clusters on the plane. According to [10] , the distribution of the distance between a random point in a cluster and the clusterhead is described by the Rayleigh distribution and it is given by
The probability p c can be obtained by
By averaging the probability p c over the plane, we obtain
where the last step of (14) is due to the fact that h ∼ exp(μ). The Laplace transforms for the intra-cluster and the intercluster case are provided in [10] and they are given by
and
It should be noticed that the number of interferers in (15) and (16) is multiplied by the probability that these interferers will have enough power to be active during the CP. In this way, if some interferers have not received enough energy during the HP, they will not contribute at the total interference. Substituting (15) and (16) in (14) , yields the result of Lemma 2.
In the next step, we will provide the probability p m that the nearest medical assistant receives successfully a message by a gateway.
Lemma 3. The probability that a gateway has successfully notified the nearest medical personnel is given by
Proof. As we need the distance to the nearest point of a PPP, the distribution of the distances is given by the well known formula f N (r) = 2πλr exp(−πλr 2 ) [11] . Moreover, the interference I r at the devices of the medical personnel originates from the transmissions of the gateways. To that end, following the same approach as in Lemma 2, we obtain
From this point, we can follow the derivations in [13] for a network with Rayleigh fading, path-loss exponent α = 4 and without noise, to obtain
which concludes the proof. As we can see, (22) does not depend on the intensity of the medical personnel, because as the intensity increases or decreases, the received signal and the interference change proportionally and, thus, the SIR remains unaffected.
Having provided all three prerequisites, we are now able to calculate the probability of correct notification, which is given in the following proposition.
Proposition 1. The probability of correct notification is given by
where L intra (s) and L intra (s) are given in Lemma 2.
Proof. As we have already mentioned, to achieve a correct notification, three independent events should be satisfied: i) the wearable should be charged, ii) the gateway should decode the message from the wearable, and iii) the medical personnel should receive this message. These three events are given by the probabilities described in the aforementioned Lemmas. To that end, C n is given by
Substituting (3), (8) and (17) in (24), concludes the proof.
IV. ANALYTICAL AND SIMULATION RESULTS
In this section, we present the simulation setup, we validate the analytical derivations obtained in Section III via Monte Carlo simulations and we discuss the network performance.
A. Simulation Setup
To present more intuitive results, we demonstrate the different parameters per sector (i.e., hospital wing), with each sector having a total area of 2000 m 2 . In each cluster, we assume that a given number of wearables are active in every CP (i.e., one of them is the transmitter while the rest are considered interferers) and, thus, we show C n for two cases: i) one interferer per cluster, i.e., n = 1, and ii) two interferers per cluster, i.e., n = 2. Unless otherwise stated, the decoding threshold is assumed fixed at γ = −10 dB, while the intensity of the clusters and PBs is 20 and 60 per sector, respectively. The transmission power of PBs is fixed at 30 dBm, respecting the limits of the FCC's Code of Federal Regulations [14] . Furthermore, the scale parameter (i.e., standard deviation of the wearables distribution in (1)) is set at 3, which means that the 95% of the points is in a 6m radius around the cluster center, according to the normal distribution. All system parameters are summarized in Table I .
B. Results
In order to validate the analytical derivations of Section III, we present in Fig. 3 the probability C n versus the decoding threshold for the two cases. As it can be observed, the simulation results match the mathematical analysis for every value of γ. Furthermore, we may notice that, as the decoding threshold increases, the probability C n drops mainly due to the inability of the gateway to decode successfully the message from the wearables. Also, as the number of interferers increases, the performance of the network is greatly affected. It can be seen that, at γ = −10 dB, the drop in the performance of the clustered network is 20% and this stems from the fact that, in a cluster network, the interferers are closer to the receiver and affect the message decoding extensively.
In Fig. 4 , we demonstrate the probability C n versus the number of PBs per sector. As it can be observed, by increasing the number of beacons the probability C n is also increasing up to a saturation point (i.e., here at ∼ 60 beacons per sector. This happes due to the fact that as the beacons increase, the ability of the wearables to have enough energy to transmit during the CP is also increasing. However, after a certain point, all wearables have enough power to transmit, therefore adding more PBs at the sector will not benefit the network performance, which is an important insight from a system design perspective.
Moreover, in Fig. 5 , we depict the performance of the network as the number of clusters is growing. From this figure, we notice that as the number of clusters increases, more interference is generated, resulting in performance degradation. It is worth noting that the higher number of clusters deteriorates both the link between wearables and gateways and the link between gateways and medical personnel. In a hospital scenario with a fixed number of clusters, the first link can be enhanced by decreasing the radius of each cluster, while the second link can be enhanced by adopting a more sophisticated technique for transmission and, thus, reducing the interference.
In Fig. 6 , we demonstrate the probability C n versus the transmission power of the wearables. We observe that, as the transmission power is kept low, the network has better performance. However, as the transmission power increases over 10 dBm, there is a significant drop in the performance of the network. This stems from the fact that to transmit with a higher P tx , the wearables must harvest more energy during the HP. To that end, under this specific scenario, it is suggested to keep the transmission power at P tx ≤ 10 dBm in order to achieve the highest possible performance. It should be noted that we can achieve higher transmission powers by adjusting the parameters of the harvesting process. However, this will not increase drastically the performance of the network, because the interferers will also increase their transmission power, resulting in similar performance.
Finally, in Fig. 7 , we demonstrate the relation between the HP slots and the transmission power P b of PBs, while keeping the maximum possible performance in the network in terms of energy harvesting (i.e., p a = 0.99). As we can observe, we can achieve similar harvesting performance by increasing the number of PBs or the number of HP slots or P b . As in our scenario P b is not allowed to be increased, we have the choice between a fast wearable recharge with higher cost due to the extra PBs or a lower cost with the disadvantage of a possible delayed notification.
V. CONCLUSION
Wearables in medical environments can provide an unobtrusive, scalable and relatively low-cost way to monitor patients in hospitals. However, they still need to guarantee a reliable communication and high lifetime. As typically multiple patients occupy each hospital room, we considered that wearables form clusters and that harvest RF energy via power beacons to increase their lifetime. We analytically derived the probability that WEH-enabled wearables forming clusters in a hospital environment will successfully notify the medical personnel via a gateway at the cluster center. We validated our analysis through extensive simulations and showed that wearable transmission power over 10 dBm degrades the network performance, while adding more than 60 PBs in a 2000 m 2 sector does not enhance the notification probability. In the future, we plan to extend this work by assuming a more realistic topology that considers peculiarities of indoor environments. In this way, the interference from the other clusters will be minimized, but the ability of the gateway to deliver successfully its messages will deteriorate.
